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Near Net-Shape, Ultra-High Melting, Recession-Resistant Rocket Nozzles I: Low Cost Carbon-

Carbon Technology for use in Ultra-High Témperature OxidatiVe'Environmgnts

W.P. HOFFMAN’, P.G. WAPNER?, P.J. WURM®, J.R.SCHORR?, K.H.SANDAGE*-

- 1Air Force Research Laboratory, PRSM, Edwards, CA 93523 USA; 2 ERC Inc, Air Force Research
Laboratory, Edwards, CA 93523 USA; *MetaMateria Partner,LLC, 1275 Kinnear Road, ‘

o Columbus OH 43212 USA; 3School of Materials Science & Engineering, 771 Ferst Drive, Georgia
: Institute of Technology, Atlanta, GA 30332 US

‘Carbon-carbon c'omposites ére ideal materials for_ high femperatﬁre structural uses, such as in
. rocket propulsion components hypersonic vehicles, and ’aifcraft brékéé In spite.of. théir'excellent
properties, the use of carbon- carbon composites has been limited becausé éf their hlgh cost and
rapid oxidation at elevated témperatures Two novel approaches to’ solﬁng these problems are-
described and these appfoaches are employed along with a ZrC/W -ba'sed nozzle insert to fabricate
| and test a recession-resistant cmbon-cérbon rocket n(‘)z,zlev as a potential replacement for sqlid

tungsten nozzles.
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1. In_troduétion

Carbon-carbon (C-C) composites, which consist of carbon fibers in a carbon matrix, [1-2]
possess a unique set of properties that make them ideal materials for high tempeira'ture structural .

uses, such as in rocket propulsion components, hypersonic vehicles, and aircraft brakes. These

. composites are stronger and stiffer than steel, while less dense than aluminum. In addition,_they not

only maintain their mechanical properties to temperatures in excess of 3000° C; but the composites’
material properties actuélly improve with heating as the non-ordered carbon is graphitized. In spite

of their excellent properties, the use of carbon-carbon composites has been limited because of their

“high cost and rapid oxidation at elevated temperatures. Extensive efforts over the last 30 years have

“been unable to resolve these two issues. Now, however, new technical approaches to deal with these

two issues haye been developed; These approaches will bé _addressed in this comr’nunicaﬁon along
with a defnonstration 6f the. technologies developed. The demon’straﬁon involves a test firing of a :
rocket nozzle fabricated utilizing a maxﬁage of the carbonTCarbon technblogies with the displasive
compensation of porosity (DCP) process [3-4], to produce a much iighter wei ght reﬂacément for

solid tungsten nozzles currently used in operational systems.

1.1 Fabrication of Carbon-Carbon Composites ‘
Tﬁe high cost of C-C composites is principally due to the costs associated with the amount

of time needed to fabricate the composite which involves the forming and densification of the fiber

preform. Except in the case of very high performance or high thermal conduct@v'ity fibers, the cost

of the raw materials is a very small parf of the final composite cost. Likewise, in most applications,
the cost associated with forming a-preform by the placement of the fibers. in the orientations desired

to carry any structural load is also not the main cost driver. In the fabrication of most of C-C

_ composites, the major cost is due to the ‘densification of the preform in which a hydrocarbon
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precﬁréo; to the carbon matrix material is blaced in the voids between the fibers and the fiber
bundles and then thermally converted to a ca;bon or graphitic‘ matrix. This is a very expensive
prbc‘ess that can take up to nine months per part. | e
- Although there are many different 'hydrocarbo'n'matrix' precu‘rsors,‘ there are just two fnajof
paths for d_ensifying a'vcarbon fiber preform With theée precu'rsors.'. One procéss involvés infiltfating
the'coﬁlposite preform'with a hydroca’rb_on’ gés, such as m_ethgri‘e' [5] or propylene [6], \%S.l.l;lﬂﬂ‘the
' 6ther process involves 'impreg_nati-ng the fiber 'preforr'n with a liqliid ﬁydrbcarboh such as a
petroleum pitch [7], coal tér pitch[8]-, jre'ﬁned pitch [9-10], fnesophéée pitch [11-13], Oor an organic
resin su;:h as phénoii’c [14]. In all cases the densification process is followed by carbonizaﬁbn in
'.which’ the matrix brécursor is pyrolyzed ins'iée the préfoﬁn converting it to carbén. In- rﬁést.
' manufapfuring proce;ésés, ‘fhe,'carbonizatioﬁ‘ step is followéd by graphiti'zation in which the partially
densified preform is heated to temf)eratures in the range of 2000° C to 28d0° C. This heat;trez\;tmént |
ot only converts some types of carbon fibers and ﬁw.atrik carbons toa graphitic‘ str{ictﬁre, enhancing
both thermal con&uctivity and mechanical properties [15], but also opens up a crack network [16]
that enhances the'effectiven'ess of fﬁrthe; densiﬁcétion steps. - |
There are numerous densiﬁca'gion cycles in mostA carbon-carbon compoéite fab;icatiorl
processes that are ncceséitated By both the char yield lof the matrix précursor and the inhomogeneoﬁs
densification of the composite. That is, since the carboniz'ation pl;oéesslremoves non-carbon atoms '
froﬁl the matrix precursor; the char. yield, which is deﬁﬁe_d as tlAlvev ratio of the amount of carbon
| remaining to the amount of hydrocérbon ﬁﬁatrix prec_ursor; must be less than 1'00% and isl'usually
between 40% anld 85%. In 'addition, gases forﬁqed dUﬁng the pyrolysis process tend to push some-

liquid species out of the fiber preform. As a resu_lt of these two processes, void space remains in the
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partially densitied. preform after each cycle. This re_sidual .' void space must be densified on
subsequent cycles, Which means that ultimate cornposite density is _approat:hed asymptotically. |

. AThe inhomogeneoiJs densiﬁcation of the composite is manifested in two ways. The
predominant effect is the vdensity gradient that exists’ because both gas phase. infiltration and
' conventlonal liqurd phase 1mpregnant10ns preferentla]]y dens1fy the exterior of the preform A
secondary concurrent effect arises from the closing off of small porosity durmg depos1t10n In gas
: phase 1nf11trat10n the gradient results when the gaseous precursor impinges on the hot preform-
surface and pyro.lyzes before it can diffuse very far into the preform. There are several approaches to |
solve this problem of preferential 'deposition on the exterior of the preform. These included
adjusting r,e.sidence time.of the precursor in the fiber preform [17], employing therrnal gradients [18-
19], or utilizing the forced t’low of matrix precursor gas [20]; Despite these various process
modiﬁcations, uniform gas phase densification is usually limited to composites with thev smallest
dimension less than 5 cm.

- In a similar manner a densification gradlent results’ from 11qu1d phase impregnation
processes because it is difficult to get the liquid 1mpregnant into the central portlon of the preform.
- This has been assumed by the industry for years to be due to the high viscosity of the precursor but
will be shown in this work to be due prinéipally to the lack of wettability of the precursor. To sol\te
this problem, the industry has employed solvents to decrease the viscositsl and high pressure to force
the impregnant into the preform. Even with this costly process, however, a significant gradient stili
exists unless the part is subjected to more than ten d’ensification cycles, which is usually cost
prohibitive.

As a consequence of the density gradient, after the composite is graphitized, all current

~ commercial densification processes require that the outside of the partially densified composite be
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machined to refnove material. This is necessary becau.se the prefereﬁtial densification of the exterior
of the preform blocks the surfac’é pores so tﬁat additibﬁal densification cannot occur. Becaﬁse of the
shortcomingg of current densification prc.>cess_es, the' 'inﬁltration/impfegnation-c‘arbonization_
éraphiﬁzation—machining cycle must ‘bé ,rebeated up to 10 times depe;nding on the final ldensity
reqﬁircd for the application. - Since each cycle requﬁes 3-4 Wéeks, the densification process is very
long and costly. |
By understanding énd addressing the issues associated with the shoﬁcomings of current |
commercial processing, the In-Situ Densifiéation Process, developed at the PropulsionADirectorat'e .
. of the Air Force Researéh Labor.atory (AFRL) and describé& below, is able to avoid inhomogenéous
densification and reduce the time required frofn many months to less than two weeks, with an
associatc:d dramatié: decreasé inF;:oS‘t.
1.2 Elevated Temperature Oxidation of Carbon-Carbon Composites
| The principle use of carbon-carbon co;nposites has been and continues to be in the realm of -
high and ultra high temperamre applications such as aircraft b_rakés and fumacé elements as well as
in leading edges of hypérsonic vehicles, rocket nozzles, exit cones éﬁd nose tips. At temperatures
above 500 °C, car‘bbn oxidizes rapidly and therefore must be protectéd from oxygen for maxifnum
performémce above this ten'lperature."" However, in many applications such és rocke; nozZl_es and
nose tips, carbon is unprotected and therefore oxidizes. This oxidation in rocket nézzles results in
an enlarged throat region, which leads to a subéequeﬁt reducfion in thrust, range, and péyload for
systems 'uti.lizing carbon-carbon éomposite throats. This reduction in performance inc_reaseé as the
‘th.roat 'diafnetér decreases; and therefore is most severe for taictical missile nozzles.
Many C-C components in usé are currently unprotected because the oxidation protection of

carbon-carbon composites at ultra high temperature (>2400 °C), or over a wide temperature range,
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has prern to be an impossible probiem to solve over the last 25 years. The main i‘mpedimént is
that‘darbon-carbon has a thermal expansion coefficient of néarly zero. Thus, any coating that is
applied_ to the surface will héve a therlmal:expans‘ion coefficient 3 to 20 times as great. During
thermal cycling and at high temperatures, a lot of stress aevelops» due to the thermal C.oefficient |
mismatch between the cbmpbsité and the coating. This Althen"nal stress causes the 6oating t(; crack
and épall off. | :
Numerous apprbaches _havé Been used over theAyears to try to solve this problem. These include

graded coatings [21], layered coatings [22], as well as impregﬁations [23] and functionally-graded
coatings [21].. Perhaps the best—known approach is that used for the ieading wing edges on the

Space Shuttle. This is a silicon carbide coating for oxidation protection and a silica over-layer for

- crack sealing. Thus, when the leading edge heats up, the silica will melt and form a glass to fill the

stress cracks in the silicon carbide. This system works well on the Space Shuttle but does not work
at lower temperatures or at temperatures higher than 1600 °C. Thus, an oxidatien protection coating
for carbon does not exist in the temperature regime in which rocket nozzles and nose tips operaté.

Because conventional processing involves graphitization tempefatures as high as 2400 °C, it is

- not possible to place an oxidation protection coating on the composite surface before processing is

complete because it will not survive intact at these high temperatures. One work-around for this

~ problem is that coatings are placed on the composites after processing. However, the disadvantage

of this technique is that it is not possible to maximize the bond between the coating and the surface
of the composite. That leaves the less-than-desirable choices of placing a thick coating on the

surface, with the risk of héving it crack and possibly spall off, or placing a thin coating on the

surface, which will not survive in an erosive environment. These problems associated with the
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oxidation protection of carbon-carbon composites are solved by employing the Inverse Processing

approach described below.

2. Unique Approaches to Solve Intractable Problerxis |
| The Propulsi.on‘ Directorate of thevAir Force Reeearch I;ab.oratory (AFRL) at Edwards CA
has come up w.;lthlsolutions to both tﬁe cost and oxidation problems aesoci_ated with carbon-carbon
composites. AFRL's In-Situ Densification Process addresses the iesue of the high coet associated
with these composites, while the Inverse Process addresses the problem of oxidation.
" 2.1InSitu Densit;icatiop
| Ip Situ Densification is an impregnation process that, in contrast 'to commercial proeesses, is
able to rapidly densify the oomposite uniformly because it addresses the conflicting reqoirements of
the impregnant’s low viscosity and good wettabi}i;cy on the one hand end the need for a higﬁ char
yield carbon precursor on.the other. - |
The key to the 'soecess of this process is two-fold. First, it vx'fas realizeel that it is not just the
~ viscosity of the iinpregnant that is important, as had béen assumed for 30 years, but also the contact
angle of the impregnant on the surface of the preform. Tﬁus, it has been neeessary to employ high
preesupe in commercial processihg for many years, mainly because the impregnantsA do not wet the
surface of the prefonns;vVi'seosity is actually a secondary factor. The second insight was that good
wettability, lo§v viscosity, and high char yield do not exist in the same molecule. That is, low
molecular weight molecules exhibit lower viscosity and better wettability, while high char yield
requires much larger molecules. |
To produce a high quality carbon matﬁ)e these .insi ghts were eombined with the results Aof the

extensive work in the production of mesophase pitch By Professor Mochida. [24-26].:'Meso'phase
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pitch is the liquid cfystal preéursor to 'highl quality' graphitg and for carbon matr.icesb has been
produced for more than 30 years 'by the thermal :treatment of coal tar or petrdleum pitch'.ﬁ Profess_dr
Mochida’s important contribution was to _fealize that mesophase pitch can be produced by the
polymerization of pure polyaromatic feedstocks, such as naphthalene [271. Mesophaée (18
commerqially‘ préduced by this prbcess by Mitsubishf oil [28] and 1s used principally in the
manufacturé- of carbon ﬁbérs t29-30]. Mtshibﬁtsi .Oil and ot_hers‘ [31] hav?: uséd this pitcﬁ as a
inatrjx precursor for ‘cvarbon-carbon composi,tes..Although this pitch produqes a high quality matn'x
‘material with a char yield of ~ 84%, the process st_iil suffers from _thé many’ disadv_éntages :
mentioned preViou_sly‘ for other processeg. In addiﬁon, this pitch needsvto be oxidatively stabilized to
keep it from melting at hi gh process t¢mperatures. .

The gpplication of _ﬁofessof Mochida’s approach in the In Situ Process is to use the
. monomer precufsbr to the mesophase pitch rather than the pitch itself as the impregnant. Thus, a
low vi'sco_sity‘material suéh as naphthalene, which totaliy wets carbon surf;clces; will'énte_r a carbon
fiber preform as easily as water enters a sponge. This not only results in a uniform density,v but, in
addition, there is also no need for machining after densiﬁcation t_o oﬁen up the surface pores. After
fhe impregnant has filled the prgfbrm, in the secoﬁd ‘step of thc'proc.ess it is polymerized into a
carbon maf;ix precursor that has a high carbon yield, which means thaf fewer cycles are needed to
" bring thé composite to final density. The carbon matrix precursor is thén pyrolyzéd to produce a
High quality carbon matrix.

Not only c_ioes the In Situ Process prqc!uce a uniformly densified composite from any type of
fiber preform (woven, braided, 1'-D to n-D, felt, etc.) but, in contrast to other processes, there does
not aﬁpear to be a siie limitat'ion.v That is, preforms with diameters up to 45 cmAanc'l len.g_ths to 1.83 '

cm have been uniformly densified with a gradient of ~ 2%. In éddiﬁon, another unique feature of
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this technology is thé ability to join carbon-carbon parts together with a seamless joint that
pos’sés_ses significant mechanical étrength compafec_l to the ori ginal pérts. '

Finally, it slmuld be noted that, in contrast to other processes, it is not necessary to graphitlze
the composites, which results in significant time and energy éavings. Even without graphitization,
the ablation and erosion performance of the In-Situ material equals that of commercial material
when eprsed to the exhaust of either liquid rocl<et enéinés or solid rocket molors. Thus, in most

-applications, it is not necessary to graphitize the méterial. However, When this material is exposed to
graphitization temperatures in excesé of 2200° C, a highly graphitic material with high thermal
conductivity results. The signiﬁcaﬁce of this rés_ult is that it is.pbssible to use the low-cclst liquid
phase process to produce a C-C compqsite with the prbperties of a composite produced by
employing a gas-phase process. | |
2.2 Inverse Process

Unlike current densification technologieg, the In-Situ process is a relatively low temperature

‘ process; That: is, since the properties of the car'bc.mized preform are so good and the pore structure
lemains open, there‘is no need for graphitization, and thus the com_poslte is only exposed to
processing temperatures up to. 1000° C rather than 2400° C. Witthhis lower processing
temperature, an altematiilé approach to tlle oxidation protection of carbon-carbon is possible. With
In-Situ processing it is possible to construct a thin shell or‘_an insert out of the oxidation protection

_material, maximiie its propertieé and then build thé carbon-carbon composite around the insert.

~ This approal:ll, so-called inversé processing, has worked ﬂawlessly. Carﬁon-carbon rocket nozzles
fabﬁcated using inverse processing containing both métallic and ceramic inserts have pérformed

| exceedingly well.
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“In practice, the thin free-standing metallic or ceramic insert 'isAfabn'cated by any onevofl 2
" number of processés, .such aé casting, molding, isostati;: pressjng, plasma spr_ayin'g, e]éctro- '
deposition, etc. The properties of the insert are then enhanced using the apI.)ropri‘ate process such as
sintering, annealing, densification, etc. F‘Av compliant layer is placed on the exterior of the insert and -
then a carbon 'fibér preform is wound, laid-up, woven or braided around the insert. iThe fiber -
preform is then densi_fied to thé appropriate density and subsequently machined 'lto thé dimensions
required for the rocket‘motor. , | |
3.0 Experimental

A ZrC/W-based nozzle insert was manufactured by MetaMateria Partners LLC of Columbus
: OH ﬁsing the displa'civc compensation of porosity (DCP) pro'ceé; [4]. The completed insert was -
delivered to the PropulsionADirectorate'of the Air Force Research I.,abofatpry‘at Edwards CA, where
it vwas prépared for ﬁ'ring. in the Pib-k defnonstration motor. This p%epar'ation consisted of wrapping
the inse.rt‘with continuous T-300 carbon fibers, and.densifying the fiber preform using the In Situ
pensification process [32] with naphthalene as the matrix precursor. .The_ carbon-carbon compo'site
suﬁoundin g the insert was then machinéd to the ﬁnal shape required by the test motor.. A restraining
collaf, which actually holds the nozzle in the. fnotor, was then bonded to the carbdn-carbon
compésitc that surrounded the exit region of the nozzle.
4.0 Results and Discussion - |

Tungsten is u‘sed»as a rocket no}zzlve material in séVéral Air Force and Navy operationai
systems. Although v'it perforrﬁs adequately, it has a very high density (19.3 g/em®). Thus, there is a
significant payoff to reduce the weight associated with these noizles, if possible, to also reduce the
recession rate of the throat region associatéd with the harsh enviroﬁm‘ént to which these nozzles are

exposed. ‘The combination of the displacive compensation of porosity (DCP) process described -
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elsewhere [3] and the inverse process described aone have the pofeﬁtiél to drastically reduce the
v Wéi.ght of a nozzle that can be used to replace a solid tungsten nozzle. .'

The material used in this experiment to make a nozzle inéert by thé DCP. proc'eés was a
composite of zircéﬁium carbide and tungsten. Because ZrC has a significantly lower density than
tungsten (6.63 vs. 19.3 g/cm®), the DCi’?deﬂVed ZrC/W -based composite has the potentia‘lb to reduce
the weight of a solid _tunlg‘stenv nozzle by 10-57%. For 'exan‘aple, the density of a 26 vél% ZC
composite is 10.1% lower than that of pure tungsten; the density of a 50 vol% ZrC composite is. |
40.6% lower tl"laﬁ pure tungsten; and the density of an 80 vol% ZrC composité is 56.8% lower than
that of pure tuhgsten. o | .

There is the possibility of very signiﬁcé.nt additional Weight reduction if a thin insert of this
metallo-ceramic coniposite material is used in place of a ﬁmnolith%c Ihetallo-ceramic composite
nozzle. Fér e%ample, ifa car‘bo.n-carbon‘ composite material with a ciensity of %1.60 g/ccisused as a
structural backing material to support the insert, the totalAweigvht of the nozzle will be only a fraction
of .that of a nozzle composed entirely of metallo-ceramic pomposite material. The resulting mécro-
composite structure composed of two micro-composite materials is tailorable and thus could possess
a wide range of properties. | |

The ZrC/W-based insert (Figure 1) with a throat diame.ter' of 1.10 cm was delivered by
MetaMateria Partnersl LLC of Columbus OH [4] to AFRL, where it was backed with a carbon-
carbon coinpolsite. The C-C co'mpo_si'teAthat surrounded the insert had two functions in addition to
reducing thé overgll weight of thé cérﬁpleted ndzélg: (1) _tp bring tﬁe insert to tﬁe finai external
dimensions fequifed for the motor, and (2) to provide mechanical backing to the insert while the

interior of the insert was exposed to the high gas pressure during the firing.
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' Tlie C-C backing was m'achine‘:d (Figure 2) and a retaining ring was bond_ed to the carbon-
carbon backing. The completed nozzle was then plnced ina Pi-K test motor (Figure 3), which had
" “been prnviously loaded with a solid propellant having d 19% aluminum 'loziding, The tempdrature

that the throat experienced upon combustion of this' propellant was predicted by thermal-cliemical
calculations to be 3245 K '

| The propella'n_t grain was ignitsd and burned (Figure 4) for 4.6 seconds with a maximum
pressure ‘of 3.6 MPa. Ths maximum pressure was limited by. the grain design and the amount of
propellant that was available i’o_r the test. During the test, the nozzle perforr’néd extremely well, as
Seen. in the pressure trace (Figure 5). The nozzle insert survived ths sritidal initial thermal shock of
‘heat-up and gave a very smooth pressure trace untili the small I.Jerturbation. at the‘.end of the trace.
This blip in.the pi'essure was due td the formation of axial hairline compression cracks in the
entrance of the ZrC/W insert. These‘ cracks resulted from the fact that there was not a sufficient
com'pli'ant' 1ayér thickness between the insert that was expanding_ as it- was hedted and the C-C
badking'that did not change dimension during the firing.

In désigning and manufactnring n C-é b_acking for the insert, one must alldw enough space
for expansion bnt‘not so much that the insert is unsupported or is loose. Presfious ﬁrings with qther -
much thinner ceramic and metallic inserts did not show these hairline cracks. However, this was the
first test'v with an insert of this composition and thickness. Since this is a new materidl, a much
thicker insert than has been tested previously, and the ultra high temperature thermal expansion
behavior was: not known in advance, adequate space for expansion was not provided.

- Upon post examination of the npzzle insert, it was observed that the throat had remained
intact and the4 dimensions df ‘the throa’i had not‘chan.ged, except for somelalumina deposition tha’_t

can be seén on the exit of the insert _(Figure 6). In addition, the surface of the ZrC/W looked
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unaffected by the firing with no roughening or recession observable. The data obtained during the
firing and the post analysis indicated that the nozzle insert performed very well. It was also
concluded that the insert would have survived a much longer test since the hairline cracks in the

entrance did not allow exhaust gases to reach the carbon-carbon backing.

Conclusion .

A recession-resistant rocket nozzle that utilized a ZrC/W -bgsed insert that \&as'backed v;'ith a low
cost carbon-carbon composite was testéd in a solid rocket test ;hotor. Thé ZrC/W- based insert
fabricated using the displacive compensation of porqsity method performed very weﬁ with no -
aﬁparent recession. |
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Figure 1 ZrC/W nozzle insert as-received

Figure 2. ZiC/W nozzle insert after it has been wrapped ‘with carbon fibers, densified, and
machined to size for thé test motor
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NOZZLE
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Figure 3. Schematic of Pi-K test motor
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Figure 4. Test Firing of Pi-K motor with carbon-carbon over-wrapped ZrC/W insert-

 W-ZxC-NOZ-001 PRESSURE vs TIME

PRESSURE (psi)

TIME(sec)
e ACTUAL (PC—3)

Figure 5. Pressure trace during test firing.
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. Figure ‘6. Exit of nozzle showing aluminum oxide deposit on surface of ZrC/W insert that is

surrounded by the carbon-carbon composite.
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